Mammalian cells express multiple 2-oxoglutarate (OG)-dependent dioxygenases, including many chromatin regulators. The oxygen affinities, and hence oxygen sensing capabilities, of the 2-oxoglutarate (OG)-dependent dioxygenases reported to date vary widely. Hypoxia can affect chromatin, but whether this reflects a direct effect on chromatin-modifying dioxygenases, or indirect effects caused by the hypoxic-induction of the HIF transcription factor or the endogenous 2-OG competitor 2-hydroxyglutarate (2-HG), is unclear. Here we report that hypoxia induces a HIF-and 2-HG-independent histone modification signature consistent with KDM inactivation. We also show that the H3K27 histone demethylase KDM6A (also called UTX), but not its paralog KDM6B, is oxygen-sensitive. KDM6A loss, like hypoxia, prevented H3K27me3 erasure and blocked differentiation. Conversely, restoring H3K27me3 homeostasis in hypoxic cells reversed these effects. Therefore, oxygen directly affects chromatin regulators to control cell fate.
Main Text:
The appearance of oxygen in earth's atmosphere was a terrestrial milestone and created the evolutionary selection pressure for a conserved pathway used by metazoans to sense and respond to changes in ambient oxygen. Central to this pathway is a heterodimeric transcription factor called Hypoxia-Inducible Factor (HIF), which consists of an unstable α -subunit and a stable β -subunit (HIF1β or ARNT) (1-3). Under well-oxygenated conditions, the α -subunit is prolyl hydroxylated by members of the EglN family of 2-oxoglutarate (2-OG)-dependent dioxygenases. Hydroxylated HIFα is then polyubiquitylated by the pVHL tumor suppressor protein and subsequently degraded. Hypoxia inactivates the EglNs and thereby stabilizes HIFα, which then associates with ARNT and transcriptionally activates genes that promote adaptation to inadequate oxygen (1-3).
The 2-OG-dependent dioxygenase family also includes the collagen prolyl hydroxylases, the JmjC domain histone demethylases (KDMs), the TET DNA hydroxylases, and ~50 other enzymes that are relatively understudied (4) . In contrast to the high oxygen affinity collagen prolyl hydroxylases (5) (6) (7) , the EglNs exhibit relatively low oxygen affinities (high K M ) (8) (9) (10) (11) , which enables them to sense physiological changes in oxygen. The oxygen affinities of most of the other family members are unknown.
Many KDM genes are transcriptionally activated by hypoxia and, where studied HIF, perhaps to compensate for a decrease in their specific activity (12) (13) (14) (15) (16) (17) (18) . In support of the latter, some KDMs have been reported to have low oxygen affinities in vitro (19) (20) (21) . Finally, hypoxia promotes the accumulation of hypermethylated histones (20) (21) (22) (23) (24) (25) (26) (27) (28) .
These considerations suggest that oxygen directly regulates KDM function. A caveat, however, is that hypoxia (and HIF) could also indirectly affect KDM activity. For example, in 5 some systems hypoxia causes the accumulation of the L-enantiomer of 2-hydroxyglutarate (L-2-HG) (29) (30) (31) (32) , which is an endogenous inhibitor of 2-OG-dependent dioxygenases. Secondly, HIF transcriptionally regulates many chromatin modifying enzymes (12) (13) (14) (15) (16) (17) (18) . Thirdly, HIF can induce profound changes in cell state that might indirectly affect chromatin, such as by upregulating transcription factors that enforce an epithelial-mesenchymal transition (EMT) (33) . It therefore remains unclear whether the changes in histone methylation observed in hypoxic cells in vivo reflect a direct effect of hypoxia on KDMs or are an indirect consequence of hypoxia.
To address this question, we lentivirally transduced an Arnt-defective (and thus HIFinactive) mouse hepatoma cell line (mHepa-1 c4) (34) , to express either Green Fluorescent Protein (GFP), wild-type ARNT (WT), or a functionally inactive (and possibly less stable)
ARNT mutant (Δ414) that is missing 414 base pairs from its N-terminus, thereby eliminating its basic-Helix-Loop-Helix (bHLH) domain (Fig. 1, A and B, and fig. S1A ). mHepa-1 c4 did not tolerate long term growth in 1% oxygen, which is the oxygen concentration typically used to model hypoxia ex vivo. We therefore used more modest levels of hypoxia (2-5%) to study these cells. Importantly, we confirmed that wild-type ARNT, but not ARNT Δ 414, coimmunoprecipitated with endogenous HIF1α (fig. S1B), and that canonical HIF-target genes (e.g. Egln3 and Ndrg1) were transcriptionally induced by 5% oxygen in the mHepa-1 c4 cells expressing wild-type ARNT, but not in the cells expressing ARNT (Δ 414) or GFP ( Fig. 1C and fig. S1C).
We next used a previously characterized multiplexed mass spectrometric platform to monitor changes in histone methylation in response to hypoxia in the isogenic mHepa-1 c4 cells in which HIF function was or was not restored. This assay simultaneously quantifies many 6 histone modifications by comparing their abundance on tryptic digests of Histone H3 to spikedin internal control peptides harboring the corresponding modification (35) .
Unsupervised clustering of histone modification patterns revealed that the isogenic cell lines clustered primarily based on oxygen availability during growth and not HIF status ( Fig.   1D ). Consistent with prior reports (20) (21) (22) (23) (24) (25) (26) (27) (28) , hypoxia promoted the hypermethylation (me2/me3 states) of H3K4, H3K9, and H3K27 ( Fig. 1D ). Hypermethylation of H3K9 and H3K27 was also confirmed by immunoblot analysis (Fig. 1E ). We also observed a concomitant decrease in hypomethylated H3K27 (me0/me1 states) and acetylated H3K27, in response to hypoxia ( Hypoxia also promoted histone hypermethylation in VHL -/-RCC4 cells, which constitutively contain high HIF levels ( fig. S3 ). Thus hypoxia promotes histone hypermethylation both in cells that cannot mount a HIF response (mHepa-1 c4 cells) and in cells that constitutively overproduce HIF (RCC4 cells), arguing that the effects of hypoxia on histone methylation are not caused by changes in HIF activity.
In some, but not all, cell types hypoxia induces the accumulation of L-2-HG (6, (29) (30) (31) (32) , which is a potent inhibitor of 2-OG-dependent dioxygenases. We therefore asked if the effects of hypoxia on histone methylation in our model were caused by a HIF-independent induction of L-2-HG or perhaps an alternative metabolic change, such as decreased 2-OG, which also can affect KDM activity (36, 37) . In the isogenic mHepa-1 c4 cells, exposure to 5% oxygen did not Hypoxia can induce the production of reactive oxygen species (ROS), which can also inhibit 2-OG-dependent dioxygenase function (39) . In dose titration experiments with the ROSinducer tert-Butyl Hydroperoxide (tBHP), we found that intracellular ROS levels ~10-fold higher than observed with 2% oxygen were required to induce histone methylation ( fig. S5 ).
Together, these findings suggested that the HIF-independent effects of hypoxia on KDM activity were not caused by increased L-2-HG, decreased 2-OG, or increased ROS, but instead were caused by a direct effect of hypoxia on the enzymatic activities of specific KDMs. In support of this idea, we found that recombinant KDM4B, KDM5A, and We focused our attention on the KDM6 H3K27 demethylases because both hypoxia and H3K27 methylation have been linked to the control of stem cell biology and differentiation (40, 41) and because of the availability of pharmacological tools for manipulating this histone mark.
To begin addressing the physiological relevance of our findings, we first confirmed that hypoxia induced H3K27 methylation in multiple additional cell lines including 293T embryonic kidney cells, MCF7 breast cells, and SK-N-BE(2) neuroblastoma cells ( fig. S9 ). Moreover, histologic analysis showed elevated H3K27 methylation in mouse tissues that are known to be hypoxic, such as the kidney (42), splenic germinal centers (43) , and thymus (44), but not in welloxygenated tissues such as in the heart ( Fig. 2A) . Similarly, and in keeping with prior studies (24, 27, 28) , H3K27 methylation was increased in hypoxic regions of mouse tumors ( fig. S10 ).
Finally, Gene-Set Enrichment Analysis (45) of gene expression data from ~2000 human tumors that were previously annotated as "Normoxic" or "Hypoxic" based on their HIF signature (6) (Table S1) revealed that "Hypoxic" tumors had transcriptional signatures indicative of H3K27 hypermethylation ( Fig. 2, B to D, and Tables. S2 and S3).
In many models, such as the well-studied C2C12 myoblast differentiation model wherein cells are shifted from growth media (GM) to differentiation media (DM), hypoxia blocks differentiation. In the C2C12 model differentiation can be easily scored based on the appearance of Myosin Heavy Chain (MyHC) positive multinucleated myotubes. We confirmed earlier reports (46, 47) that hypoxia blocks C2C12 differentiation (Fig. 3, A Therefore, the effects of hypoxia on C2C12 differentiation were not caused by 2-HG.
KDM6A and KDM6B are the primary H3K27 demethylases in cells (50) . Similar to hypoxia, treating C2C12 cells with GSK-J4, a dual pharmacological inhibitor of KDM6A and KDM6B, promoted H3K27 hypermethylation and blocked myogenic differentiation (Fig. 3,C and D, and fig. S15 ). This was specific because treating C2C12 cells with KDM-C70, a paninhibitor of the KDM5 family, did not block differentiation ( fig. S16 ). Similar results were obtained with MEFs expressing MyoD (fig. S12 ).
The differential oxygen affinities of KDM6A and KDM6B suggested that the ability of hypoxia to promote H3K27 methylation and block differentiation is caused specifically by a loss of KDM6A activity. To specifically address the contribution of KDM6A we identified effective shRNAs against Kdm6a and Kdm6b. Importantly, downregulation of KDM6A with two different shRNAs, but not downregulation of KDM6B, phenocopied the effects of hypoxia on differentiation ( Fig. 3E and fig. S17 , A to D), consistent with an earlier study (51) . Moreover, eliminating KDM6A in C2C12 cells with CRISPR/Cas9 blocked their ability to differentiate unless they were rescued with an sgRNA-resistant KDM6A cDNA (Fig. 3, F to H) . This was specific because eliminating KDM6B had no effect (fig. S17, E and F) and eliminating KDM5A actually promoted differentiation ( fig. S18 ). Notably, bulk H3K27 trimethylation was insensitive to changes in oxygen in the Kdm6a-deficient C2C12 cells, consistent with KDM6A being the primary oxygen sensor amongst the KDM6 paralogs ( Fig. 3I ).
Previous work showed that KDM6A is directly recruited to myogenic targets during differentiation (51) . Therefore, we asked if differentiation programs driven by KDM6A activity involve transcriptional changes that depend on H3K27me3 elimination. Comparing transcriptional signatures of normoxic C2C12 cells that were cultured in GM to DM revealed profound differences in transcriptional output, particularly of muscle-specific target genes, resulting in a poor correlation between the transcriptional profiles obtained under these two media conditions ( Fig. 4 , A to C, and Table S5 ). Hypoxia (and the consequent differentiation block), however, blunted the transcriptional differences between these two conditions ( Fig. 4A) , which was associated with a failure of these cells to induce muscle-specific markers in DM (Fig.   4 , B and C). H3K27me3 status typically represses transcription. The inability of C2C12 cells grown in DM to activate late myogenic genes (e.g.: Actc, Myl1, and Myog) under hypoxia correlated with a failure to erase H3K27me3 at those loci (Fig 4, D to F and fig. S19 ), presumably due to inactivation of KDM6A. In contrast, H3K4me3 actually decreased at late myogenic genes under hypoxia ( fig. S19 ).
Loss of differentiation is a hallmark of cancer and KDM6A is a human tumor suppressor gene that is mutationally inactivated in a variety of cancers, including leukemias, kidney cancers, and bladder cancer (52). Remarkably, Gene Set Enrichment Analysis showed that a myogenic differentiation gene set, which presumably also contains genes linked to differentiation in other contexts, is more highly expressed in KDM6A wild-type bladder cancers compared to KDM6A mutant tumors ( fig. S20 and Table S6 ).
These data suggest that KDM6A inactivation by hypoxia promotes the persistence of H3K27me3 and prevents the transcriptional reprogramming required for differentiation. If true, the effects of hypoxia on differentiation should be redressed by inhibiting H3K27 methyltransferase activity ( Fig. 5A ). Of note, and in keeping with our results using mHepa-1 c4 cells, hypoxia did not alter the protein levels of the EZH H3K27 methyltransferases in C2C12 cells ( fig. S21A ). Inhibiting the H3K27 methyltransferase EZH2 with either of two effective sgRNAs or with the pharmacological inhibitor GSK126 reduced H3K27me3 levels and partially rescued the ability of C2C12 cells to differentiate under hypoxic conditions (Fig. 5, B To probe the link between oxygen availability, KDM6A activity, and differentiation further, we next treated C2C12 cells with the complex 1 inhibitor metformin. Although metformin is a pleotropic agent, we confirmed that it lowered oxygen consumption in hypoxic C2C12 cells ( fig. S23A ), which should increase intracellular oxygen availability. Metformin rescued the ability of C2C12 to lower H3K2me3 and to differentiate under hypoxia ( fig. S23, B and C). This effect of metformin was specific because metformin did not rescue differentiation in C2C12 cells that lacked KDM6A ( fig. S23D ) and inhibited, rather than promoted, differentiation under normoxic conditions ( fig. S23E ).
Finally, we tried to directly increase KDM6A's intrinsic oxygen affinity. We reasoned that certain non-conserved residues within their catalytic domains were responsible for the vastly different oxygen affinities of KDM6A and KDM6B. To identify these residues we overlaid previously published models of the catalytic JmjC domains of KDM6A with KDM6B (53, 54) and noted two non-conserved residues, M 1190 (KDM6A) under hypoxic conditions in both parental and KDM6A-deficient C2C12 cells, presumably due to its enhanced oxygen affinity ( Fig. 5, J to M, and fig. S25 , B and C).
The importance of both oxygen and H3K27 methylation in regulating diverse biological processes, including embryological development, cellular differentiation, stemness, and malignant transformation, has been well described (40, 55, 56) . Our findings argue that these observations are linked. Specifically, we argue that oxygen has both direct and indirect effects on chromatin and that the former involves enzymes such as KDM6A, which couple changes in oxygen availability to changes in H3K27 methylation, and ultimately affect the transcriptional control of cell fate. It is tempting to speculate, given the accumulation of H3K4 methylation and H3K9 methylation that we observed in hypoxic Arnt-deficient mHepa-1 c4 mouse hepatoma cells, together with our biochemical studies (and those of others), that at least one H3K4 and one H3K9 histone demethylase also act as oxygen sensors and contribute to chromatin regulation by oxygen. For example, our biochemical data, together with the data in the accompanying manuscript by Sonia Rocha, argue that inhibition of KDM5A contributes to the transcriptional response to hypoxia. Profound hypoxia can also increase DNA methylation in a HIF-and 2-HGindependent manner by inhibiting TET enzymes (6).
Our findings have potential implications for the importance of microenvironmental hypoxia in embryological development and stem cell maintenance as well as for the selection pressure to inactivate KDM6A in cancer. They also suggest that some of the biological effects of metformin, including its potential therapeutic effects for diseases such as cancer, are mediated at least partly by changes in KDM activity. In addition, hypoxia-induced epigenetic changes might contribute to the phenomenon of ischemic preconditioning, wherein a prior bout of ischemia confers protection against subsequent ischemic insults (57) .
It is well established that the hypoxia can affect stemness and cellular differentiation by activating HIF and downstream target genes such as Oct4 (55, 58) . Such effects are not mutually exclusive with a direct effect of oxygen on histone methylation and might, in fact, serve to reinforce on another. The HIF pathway is conserved throughout metazoan evolution but is not present in plants, yet hypoxia promotes stemness in both metazoans and plants (59, 60) . It is possible that the oxygen sensing by histone demethylases evolutionarily preceded the emergence of oxygen-sensitive transcription factors. 
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